Introduction
Grip strength measurements often are used to assess hand function in patients with trauma or congenital problems or in the case of degenerative diseases [12] . Hand dynamometers frequently used to measure grip strength are the Jamar dynamometer (TEC, Clifton, NJ) or equivalent devices such as the Lode dynamometer (Lode BV, Groningen, The Netherlands).
Normative and reliability data on these dynamometers have been published for adults and children [3] [4] [5] [14] [15] [16] [17] [18] [19] [20] . For adults, a reference table with normative data generally is used. For children, normative data often are presented in a table format, in which mean grip strength data are given for 1-or 2-year intervals with standard deviations (SDs) [8, 16] . Alternatively, studies have presented equations One or more of the authors (HMM, RWS) have received funding from Fonds Nuts Ohra (http://www.fondsnutsohra.nl), a nonprofit foundation supporting research with no professional interest in the design and outcome of this study. Each author certifies that his or her institution has approved the human protocol for this investigation, that all investigations were conducted in conformity with ethical principles of research, and that informed consent for participation in the study was obtained.
relating grip strength data with variables such as age, gender, height, weight, or body mass index [20] .
Using the normative data as reference values can be cumbersome when measuring a child at followup owing to the increase in strength when a child grows. A child not only increases in length but also in weight, bone mass, and muscle volume. This growth complicates the interpretation of changes in strength measured after interventions such as surgery or rehabilitation, because outcome is influenced by growth and the intervention. To discriminate among contributions of growth, intervention effects, or disease progression, a model more easily interpreted than a table with 1-or 2-year intervals would be valuable.
As an alternative to the mentioned presentation of normative data, in children, an intuitive diagram in which strength is plotted against age would provide an immediate indication of the strength that can be expected at the child's age using a continuous age scale. In addition, variation in strength can be accounted for using the correct percentiles. Such growth diagrams for length and weight have been developed for use at infant welfare centers across the world [6, 7, 10, 11] . Use of these diagrams for grip strength would give a quick and easy insight into grip strength development during growth. For example, it could be very valuable when treating children with congenital hand malformations or children with neuromuscular disorders who receive longterm treatment to follow the child's progress.
Our first aim was to create growth diagrams for grip strength, making normative data of grip strength more intuitive and easily accessible from a clinical point of view. To do so, we first determined which variables in addition to age, such as hand dominance, gender, height, and weight, influenced grip strength in our population. Then, we used these variables to develop a model for drawing grip strength growth curves in an easily interpretable diagram for clinical use. The second aim of our study was to see if an accurate model for grip strength still could be developed using only simplified average analysis combining both genders and dominant hand and nondominant hands into one diagram.
Materials and Methods
After approval of the Institutional Review Board and after informed consent of the parents, we approached children from a local primary school without upper limb impairment for participation. Hand dominance and upper extremity problems that could influence hand strength were determined by evaluating parents' responses to a questionnaire. Children with a history of upper extremity trauma or abnormalities were excluded. For this study, we measured an extra 121 children in addition to the 104 children used in a previous study of the reliability of the grip strength dynamometer in children [17] . Two hundred twenty-five children, aged 4 to 12 years, were included in this study. Of all the children studied, 94% were right-handed (Table 1) .
We used a Jamar-like dynamometer (Lode dynamometer) for all measurements (Fig. 1) . The Lode dynamometer is an electronic dynamometer similar to the Jamar dynamometer. It operates similarly and is calibrated to measure the same outcome as the Jamar dynamometer. In a previous study, we quantified the measurement error of this instrument in children and found the Lode dynamometer to be reliable in healthy children from 4 to 12 years old. Reliability increased with age and children of 12 years old had similar reliability as adults [17] . The dynamometer was used as recommended by the American Society of Hand Therapists [2] . The subject sits with the shoulder adducted, the elbow flexed in a 90°angle, and the wrist in a neutral position [2] .
The Lode dynamometer, with the handlebar in Position 2, was used to measure grip strength of both hands [9] . After each measurement, we reset the dynamometer. All measurements were performed in a randomized order by the same researcher (HMM). The children were seated in an appropriately adjusted chair during measurements. Before the start of each measurement, the subject was told, ''Squeeze as hard as you can!'' A mean of three maximum voluntary contractions was recorded for each hand. In case one of the measurements showed a difference greater than 10% from the other measurements, we cancelled that measurement and added a fourth measurement. The mean of the three remaining values was calculated.
To develop the growth curves, we first estimated the centiles for grip strength using Altman's method of absolute scaled residuals [1] . Because a visual inspection did not reveal skewness or nonnormal kurtosis, we decided not to transform the dependent variable. In the first model, grip strength was modeled as a function of the age. To allow for nonlinearity in the mean, we used restricted cubic splines with three knots placed at the 10th, 50th, and 90th centiles. The SD was estimated using the regression function of the absolute residuals. We estimated separate relationships for boys and girls for the dominant and nondominant hands. The mentioned model was compared with a more complex model that also included weight and length next to age. All factors were included in this more complex model as a restricted cubic spline with three knots. Residuals of the various models were checked for normality and serial correlation.
We used a partial F test to calculate differences in grip strength by gender and hand dominance. Although we found major differences between boys and girls and between both hands, we also made a combined diagram for all boys, girls, and both hands combined. Although this combined graph is less accurate in predicting normative data for an individual subject, we present it for use as a first estimate in clinical situations in which four separate graphs may be too cumbersome. All estimations and calculations were performed using SAS 1 9.1 (SAS Institute, Inc, Cary, NC).
Results
Grip strength increased with age in both hands. In the entire group, the dominant hand produced higher (p \ 0.001) grip strength than the nondominant hand and boys were stronger (p \ 0.001) than girls (Tables 2, 3 ). The differences between boys and girls were not the same for each age. For the youngest group of 4 to 6 years, the boys were 24% to 34% stronger; for the middle group of 7 to 9 years old, the boys were 2% to 9% stronger; and for the oldest group of 10 to 12 years, the boys were 3% to 11% stronger. For both genders, differences in grip strength between dominant and nondominant hands ranged from 2 to 17 N. To determine correct models for predicting grip strength in the dominant and nondominant hands of the boys and girls separately, we compared the more complex Fig. 1 A 6 -year-old child holds a Jamar-like dynamometer (Lode dynamometer). The electronic console was facing the researcher so that no feedback was provided to the subjects. for the dominant and nondominant hands were only slightly lower in the simpler model with age as the only independent variable of grip strength (Table 4) . Because we decided the benefits of a simpler model using age only outweigh the slight increase in predictability of grip strength achieved by the more complex model, we present only the simpler model. The simpler statistical models for grip strength as a function of age in the dominant and nondominant hands of boys and girls separately were converted into growth diagrams (Figs. 2-5 ). In addition to the curve of the population mean, these diagrams show the centiles that correspond to each standard deviation (SD) added or subtracted from the mean: 2.5%, 16%, 50%, 84%, and 97.5% centiles correspond to À2 SD, À1 SD, mean, +1 SD, and +2 SD. Finally, we plotted the mean hand strength of the dominant and nondominant hands against age for boys and girls combined (Fig. 6) . The use of just one diagram for both genders and both hands could be considered more practical in some clinical situations where four different diagrams are too inconvenient to use. Because this combined diagram includes all data not selective for gender and hand dominance, the goodness of fit is lower compared with the other diagrams (Figs. 2-5 ), although this effect on the goodness of fit is only small (Table 4) .
Discussion
Our general aim in this study was to develop a simple and intuitive method of presenting normative grip strength data in children. Normative data usually are reported in table format, presenting grip strength by age group, gender, and hand dominance. However, when this method is used to compare grip strength values in children with time, it becomes difficult to verify grip strength changes with time against the reference data. The wide ranges in grip strength per age do not give a clear overview of a child's grip strength development with time.
As an alternative to the classic method of reference tables, we developed an intuitive diagram showing grip strength development with time, the intention being to allow for easier and insightful registration of a child's grip strength development in the same way as growth diagrams are developed for increase in height with time. We developed the growth diagrams for grip strength (Figs. 2-5 ) as tools to be used in a clinical setting. By allowing a child's grip strength to be plotted with time, they show how his or her grip strength has developed relative to the reference data contained in the diagram. If a child's strength is plotted at a certain distance from a centile line, a change in this distance at followup may indicate an increase or decrease in strength relative to his or her age. An additional advantage for individual patient measurements is the continuous nature of the diagrams. A table containing reference data is difficult to use, as such values are given per year or at 2-year intervals. In contrast, the growth diagrams present a continuum in grip strength values, allowing measurement outcome to be compared with a more exact age of any child.
In addition, we also present a model for both hands and with boys and girls combined (Fig. 6) . By sacrificing some goodness of fit (Table 4) , the use of just one diagram could be more practical in clinical settings. One important thing to consider using these models (Figs. 2-6 ) is that the centile lines are based on the SD of these measurements. As a result, 5% of all healthy children automatically will fall outside the outer centile lines.
The grip strength data in our study were somewhat lower than the reported normative data for grip strength measured using a handheld dynamometer. To prevent inadvertent dropping, Mathiowetz et al. [16] supported the instrument around the readout dial, and they scored a higher grip strength of 30% or greater. In another study, van den Beld et al. [20] used a height-adjustable table on which to rest the instrument. Their results in grip strength were approximately 19% higher [20] . Finally, de Smet and Vercammen [8] used no suspension method and measured grip strengths that were approximately 5% higher. The lower grip strength in our study may partly be explained by the fact that we used no form of suspension and that the children therefore needed to lift the weight of the instrument. We recently found suspension of the dynamometer when measuring grip in similar age groups can increase the Some limitations must be mentioned regarding our study. First, the growth diagrams apply only to a healthy population of children and do not represent the development of the grip strength of a child with hand disorders such as neuromuscular diseases or congenital malformations. Furthermore, our data apply only to the age range of 4 to 12 years and no reliable predictions can be made for children older than 12 years. In a previous study, we quantified the measurement error of this instrument in children. The Lode dynamometer was found to be reliable in healthy children from 4 to 12 years old. Reliability increased with age and children 12 years old had reliability similar to that of adults [17] . In addition, based on our clinical experience when measuring children, it is generally too difficult to reliably measure children as young as 3 years. For these reasons, we used the lower age limit of 4 years. We studied the group from 4 to 12 years old, as this age group is relevant in our work with patients with congenital hand malformations. During the period from 4 to 12 years, these children often are treated multiple times for their specific congenital malformations. Intervention and intensive therapy are very important to their development, dexterity, and growth.
Another limitation of our study is that the diagrams summarize cross-sectional grip strength data and not longitudinal data taken from a group of children measured repeatedly during their development. In addition, there is a large variance in measurement outcome when repeated grip strength measurements are performed in reliability studies [13, 15, 19, 20] . A quantification of variance in a recent paper regarding the reliability of the hand strength dynamometer in children showed a smallest detectable difference of 23% to 27% of the outcome [17] . Adding more subjects to our study will not change the distance between the centile lines in the model; it would only allow for a more accurate estimation of the mean and centiles lines.
In clinical settings in which it is important to follow the development of a child's grip strength, a growth diagram would give a good indication of individual development relative to normative values. In this way, a possible effect of treatment or therapy may be seen quickly as a gain or loss of grip strength with time. Our grip strength plots (Figs. 2-5 ) for each specific target group provide the observer with the best model for comparing measurement outcome. Because these diagrams are more specific, they show a better fit to the data. Depending on the accuracy needed at followup, the use of one diagram might be considered. At the cost of losing some goodness of fit, one combined diagram would be much simpler and more convenient to use (Fig. 6 ). Either way, because the diagrams give observers a practical tool for tracking multiple grip strength measurements of a growing child with time, they might be suitable for inclusion in a patient dossier.
